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ABSTRACT 
In Portugal a large number of vernacular earthen buildings present an advanced state of 
degradation. These buildings comprise historical, technological, architectonic, cultural and 
social recognized values and, therefore, efficient interventions are needed for their conservation. 
The knowledge of the properties that the materials used in their construction show nowadays is 
one of the bases to support future interventions. Unstabilized earthen samples were collected 
from the walls of six earthen buildings located in the region of Leiria, Portugal, built with 
rammed earth and/or adobe masonry. The samples were characterized by particle size 
distribution and through XRD, density, capillary, drying, dry abrasion, tensile and compressive 
flexural strength. Mechanical results of rammed earth were lower than adobe’s, contrary to what 
was commonly found in other studies, and capillary coefficients of adobe were comparable to 
lime stabilized adobe from other regions. A surface protection by compatible renders, 
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respectively earthen-based and air lime-based, is strongly encouraged to extend the walls 
durability. Although based on a short sampling, this data gives initial support to future 
compatible, effective and reversible interventions in Leiria vernacular earthen buildings, 
contributing to the preservation of this earth-built heritage. 
Keywords: adobe masonry; earth construction; laboratory characterization; rammed earth; 
sustainable construction; vernacular architecture. 
 
1. Introduction 
The conservation and preservation of the built heritage is an important public and political 
concern. The use of earth as construction material was very common until the middle of the 
twentieth century, being rammed earth and adobe masonry the most widespread and important 
construction techniques (Houben and Guillaud, 1994), namely in Portugal (Costa et al., 2018). 
Furthermore, in periods dating back from the twelfth century many fortresses were built with 
earth as the main construction material, such as the castles of Paderne and Silves, fortifications 
that are still part of the country military rammed earth-built heritage (Correia, 2004; Parracha et 
al., 2019).  
For rammed earth vernacular construction, locally excavated earth was roughly disaggregated, 
sprayed with some water just to be moistened, successively placed in layers of about 20 cm 
height inside a wooden formwork and compacted vertically with a manual wooden mallet, 
reducing height (Maniatidis and Walker, 2003). Coarse stone existing in the excavated earth was 
generally used; the only concern was that bigger elements that were manually placed in the 
interior of the wall thickness would not be left close to the wall surfaces. It was not frequent to 
add air lime or other materials to the earth on vernacular constructions. Conversely, the addition 
of lime to the earth was quite frequent in military earth constructions (Parracha et al. 2019). The 
formwork, defining the walls thickness (not less than 40 cm) and the rammed earth block length 
(generally between 1.5-2.0 m long), was filled with layers of earth to be compacted, up to its 
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complete filling, producing a rammed earth wall parcel or block. Afterwards, the formwork was 
immediately disassembled and assembled again to produce the adjacent rammed earth block - in 
the same wall level or in the upper level, if the lower level was complete. The joints between 
adjacent rammed earth blocks in the same level could be vertical or diagonal. Before starting to 
build the adjacent block, joint materials could be placed (although not essential), such as an air 
lime mortar layer or red ceramic or laminar stone pieces .  This vernacular technique, with some 
occasional adaptations, is still used nowadays in Portugal (Figure 1). 
 
Figure 1 – Vernacular rammed earth formwork and manual compaction applied in a 
contemporary construction in Cercal, Alentejo, Portugal 
 
For vernacular adobe production, traditional wooden molds (Figure 2) were filled with an earthen 
plastic mortar made with local earth, previously sieved to remove coarse stone particles. Leiria 
region is known for the production of pine wood. This wood  was used for the production of both 
the adobe molds and the rammed earth formworks. The earth could be used either unstabilized 
or stabilized with the addition of air lime (if it had lack of clay), sand or plant fibres (if it was 
too clayey). The adobes were precast in advance, i.e., they were produced previously to the 
masonry construction to have time to dry. In comparison with rammed earth, a larger quantity of 
water was necessary to produce adobe and, later, the masonry layering mortar in order to build 
the adobe masonry wall. The masonry layering mortar could be similar to the adobe mortar 
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(except that it would not have fibres), could be a mix of earth and air lime or could be an air lime 
mortar. 
 
Figure 2. Wooden mold used for vernacular adobe production 
 
The rammed earth walls could be coated or not. However, it was common to apply a render at 
least after one year so that the surface previously in contact with the formwork became rough; it 
also allowed to delay the investment in the render. Contrary to rammed earth, that could be 
maintained without rendering for some time, adobe masonry walls should be immediately 
protected by a render to avoid degradation (Faria-Rodrigues, 2005). Renders for both vernacular 
techniques were made with the same type of mortars defined for masonry layering. Frequently, 
only the render finishing layer was lime-based, being the base layer a mix of earth (which 
included the needed aggregate) and air lime. 
With the introduction of new materials and techniques in current constructions (e.g. with the 
development of cement industry), earth construction suffered a decline during the first half of 
the twentieth century (McHenry, 1989). In the last decades, the use of earth materials for 
buildings has been regaining strength, mostly due to its recognized eco-efficiency, abundance 
and contribution to acoustic and hygrothermal performance (Allinson and Hall, 2010; Hamard 
et al., 2016).  
Nevertheless, the existence of several earthen buildings that present an advanced state of 
degradation due to insufficient maintenance and conservation actions over time, or inappropriate 
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interventions, is a concerning reality. To deal with this problem, it is paramount to gather 
information about the constructive technologies and materials used at the time of construction 
but also to know the properties of these materials nowadays. This data will constitute a crucial 
supporting tool, not only for future interventions in earthen buildings, but also for the design of 
new earth constructions. 
Results from previous studies on adobe and rammed earth in Portugal, found in the literature, 
are summarized in Table 1.  
Table 1. Results of density, tensile and compressive strengths from literature for adobe and 
rammed earth samples collected in Portugal, or replicated in laboratory 















- 0.46 0.15 
Silveira et al. (2012) Aveiro H_01 
- 
1.24 0.13 
H_02 1.00 0.19 
H_03 0.75 0.19 
H_04 0.66 - 
H_05 2.15 - 
H_09 0.70 - 
H_10 1.98 - 
H_11 1.08 - 
Silveira et al. (2013) Aveiro H12_a03 1652 1.02 - 
H12_a06 1.21 - 
H12_a08 - 1.03 
H13_a01 1530 - 0.20 
H13_a10 0.28 - 
H20_a07 1540 0.23 - 
Coroado et al. (2010) Aveiro MP11 
- 
0.51 - 
CS1 0.25 - 
TM1 1.44 - 
LMM3 0.41 - 





Murtosa 1.76 - 
Gomes et al. (2019) Alentejo Av Unstabilized 
 RE 
2222 - - 
PD 2008 - - 
VC 2089 - - 





Arão 1.30 - 
6 
 Montes de 
Cima 
0.80 - 
Pincho 1.30 - 
Porches 2.70 - 
Silva et al. (2018) Esposende - RE 
laboratory 
replicas 
1723 1.00 - 
Silva et al. (2016) Odemira A 1802 1.26 0.22 
B 1789 1.20 0.17 
Faria et al. (2012) Serpa A 1905 - - 
A sieved 2003 - - 





1950 - - 
B+c 1876 - - 
C+hl 1846 - - 
D+hl 1874 - - 
D+hl+c 1990 - - 
Notation: RE – rammed earth; for each technique, regions are listed from North to South of Portugal. 
 
No material data for Leiria earthen vernacular constructions was found in the literature. 
Nevertheless, in a previous paper (Ferreira et al., 2017), an extensive building technology and 
architectural survey of ninety-eight vernacular earthen buildings from the region of Leiria, 
Portugal, was presented and two of these buildings were taken as case studies. During that survey 
it was possible to identify: 
 buildings with rammed earth walls, mainly located in Pombal municipality, buildings with 
adobe masonry walls mainly in Leiria municipality and also buildings with walls 
presenting both techniques, being in that case the adobe masonry mainly used to increase 
the walls’ height and the area of the building; 
 some construction specificities of these buildings, e.g. the existence of a vertical 
indentation in the adobe used for structural exterior walls (Figure 3);  
 the dimensions of rammed earth blocks and adobe contrast with those found in other 
regions of Portugal: in Leiria district rammed earth blocks varied between 2.00 m × 0.60-
0.70 m × 0.40-0.50 m (length × height × width/thickness) and adobe dimensions varied 
between 0.30-0.46 m × 0.14-0.30 m × 0.12-0.16 m (length × width × height). The adobe 
used for structural walls was placed with the higher dimension defining the wall thickness;  
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 the most common anomalies associated to those buildings were due to the natural aging 
process of materials and the implementation of inadequate conservation interventions in 
the past, with the direct application of incompatible solutions in the adobe masonry and 
rammed earth walls. 
 
Figure 3. Adobe masonry dwelling from Leiria, Portugal (A); adobe samples being collected 
from a wall of the dwelling in A (B); detail of the adobe indentation (C) 
 
In the present paper, the characterization results of eleven earth samples collected from six 
vernacular earthen buildings, belonging to the survey made in Leiria district, are presented and 
discussed. They are also analyzed and compared with the results of previous studies on adobe 
and rammed earth from another regions in Portugal (Table 1). The aim is to contribute to produce 
knowledge that can be used in the design of compatible solutions towards the conservation of 
this built heritage. 
 
2. Materials and methods 
2.1. Buildings and samples 
For this experimental campaign, eleven original earth samples (OES) (six from adobe and five 
from rammed earth) were collected from six of the ninety-eight buildings previously inspected 
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(Ferreira et al., 2017). The ninety-eight inspected buildings are located throughout the 
municipalities of Leiria and Pombal, in Leiria district. Twenty-four of those buildings are 
rammed earth constructions, sixty have adobe masonry and fourteen present both construction 
techniques.  
The six buildings were selected considering: the construction technique - three buildings where 
it was possible to collect adobe and three buildings where it was possible to collect rammed earth 
(Figure 4); the authorization of the building owner for the samples’ collection and the geographic 
location of the buildings (three located in Leiria municipality and three in Pombal municipality). 
The GPS coordinates of those six buildings are presented in Table 2, which also shows the 
identification of the studied buildings and samples. 
 
Figure 4. Map of the location of the six studied buildings: A – adobe masonry; RE – rammed 
earth; RE/A – presenting both construction techniques but where RE was sampled 
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The process of collection of the adobe samples is illustrated in Figure 3 as all adobes were 
collected from the buildings using a chisel and a hammer, trying to choose adobes that were 
protected and not directly exposed to weathering. With regards to rammed earth samples, a 
similar process was performed. 
 
Table 2. Identification of the buildings and of the samples collected 












































































The OES were placed to dry in laboratory conditions (45-60% relative humidity (RH) and 18-
26 °C temperature) and previously used to perform apparent density, ultrasonic pulse velocity 
and thermal conductivity tests. After performing these non-destructive tests, OES were cut to 
produce sixty nine samples of smaller dimensions (SSD) to be used in the mechanical 
characterization (dry abrasion, tensile and compressive strength tests) (Table 3). The number of 
SSD tested for each building varies due to the size and number of OES collected (e.g. the total 
number of SSD tested for building 7 is higher than those tested for building 30 because it was 
possible to collect four OES from building 7 and just one from building 30, due to limitations 
imposed by the owners). Eighteen SSD were also obtained from the OES and used for capillary 
absorption and drying.  
 
Table 3. Original (OES) and smaller dimensions (SSD) samples used for each test  
Building / 
Samples 

















































































































2.2. Earth testing methods 
The quantification of the proportions of all size fractions composing the earth of the initial 
samples (after their disaggregation) was evaluated through dry particle size distribution, 
following LNEC Specification E196 (1966) using sieves from 63 mm to 0.075 mm opening. 
Coarse larger gravel was rare and was previously removed manually. The wet sieving, although 
much more precise because all the particles are disaggregated, was not performed due to limited 
material sampling. 
The quick sedimentation test, allowing a qualitative determination of the earth particle size 
distribution by visual observation of the sedimentation layers (clay+silt, sand and gravel), was 
performed to complement the dry sieving. The test was conducted according to Standards 
Australia & Walker (2002) and, as for dry sieving, coarse gravel was previously removed 
manually. 
The mineralogical characterization of the fine fraction of the six earthen materials was made 
using X-ray diffraction (XRD), a technique that provides information about the minerals present 
in a sample in proportions higher than 2% to 4% by weight. The fine fraction was obtained from 
the particles liberated during the disaggregation of the samples and passing the 106-µm sieve. 
The XRD was performed using a BruckerTM D8 Discover diffractometer with 40 kV and 40 
mA Cu Kα radiation, and a speed of 0.05º/s from 3º to 75º (2θ). DIFFRAC.SUITE EVA software 
was used to compare the experimental peaks with the ICDD database. 
 
2.3. Samples testing methods 
Table 4 presents the laboratory tests performed and the test procedures used to assess the 
physico-mechanical properties of the adobe and rammed earth samples. It is important to 
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mention that these tests can only be used as quality indicators of the tested samples, and not of 
the masonry or wall itself (NTE E.80, 2017). 
 
Table 4. Laboratory tests performed to assess the physico-mechanical properties of the earthen 
samples 
Test  Reference 
Bulk density DIN 18945 (2013b) and UNE 41410 (2008) 
Ultrasonic pulse velocity LNEC FE Pa 43 (2016) 
Thermal conductivity Equipment manual 
Compressive strength NTE E.080 (2017) and Standards Australia & Walker (2002) 
Tensile flexural strength Standards Australia & Walker (2002) 
Dry abrasion DIN 18947 (2013) 
Capillary absorption LNEC FE Pa 40 (2016), DIN 18945 (2013b) and UNE 41410 
(2008) 
Drying EN 16322 (2013) 
 
The bulk density of each OES was determined by the ratio between the mass and the volume of 
the samples. 
Non-destructive ultrasonic pulse velocity testing was performed indirectly, on the surface of the 
samples, using a Pundit Lab equipment with two transducers of 54 kHz. The test consists of 
measuring the wave propagation time between a transmitter and a receiver placed at a known 
distance, with the final objective of assessing the compactness and the rigidity of the samples 
under analysis (Bernat-Maso et al., 2017). The existence of anomalies in the samples, like voids, 
fractures, poor homogenization or low compactness, will origin a lower wave propagation time. 
The tests were performed on the OES considering three different measuring points (10 cm, 15 
cm and 20 cm) in relation to the point 0 cm. 
Thermal conductivity testing was performed using a heat transfer analyzer ISOMET 2014 and a 
60 mm diameter contact probe API 210416 with a measurement range of 0.3-2.0 W/(mºC) for 
all OES. The samples were placed on a 5 cm thick polystyrene panel to avoid heat dissipation 
and the tests were performed with the samples in laboratory equilibrium conditions with a 
temperature of 20±2ºC and a relative humidity (RH) of 65±5%. 
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The tensile flexural strength was determined in 10 rammed earth SSD and 10 adobe SSD (Table 
3) through flexural tests. The OES were cut in SSD with length dimensions varying between 28 
cm and 44 cm, width varying from 13.5 cm to 16 cm and height from 11 cm to 15 cm. Not all 
the specimens were cut with the same size due to the OES dimensions constraints. The test was 
carried out in a bench press with a load cell of 50 kN and a test speed of 1.5 mm/min. The failure 
load was taken as the maximum load. The tensile strength of homogeneous materials was 
obtained in N/mm2 and calculated using Equation 1: 
𝑓𝑡 =
3 × 𝑙 × 𝐹
2 × 𝑏 × 𝐻2
 
(1) 
in which l is the distance between the supports (mm), taken as 150 mm, F is the maximum load 
(N), b is the width of the sample (mm) and H is its height (mm). 
Compressive strength tests were carried out on 11 SSD rammed earth samples with 100 mm × 
100 mm × 100 mm (NTE E.80, 2017) from buildings 16, 28 and 30 and on 9 SSD adobe samples 
from buildings 7 and 69, using the same bench press, load cell and loading speed as for the 
flexural strength tests. Due to lack of samples with appropriate size, it was not possible to submit 
adobe samples collected from building A3 to this type of tests. The compressive strength 
(N/mm2) was obtained by the ratio between the maximum load applied (N) and the compression 
area (100 mm × 100 mm). 
Dry abrasion resistance was determined measuring the weight loss of each sample after 20 
rotations of a polyethylene brush (70 mm in diameter) applied to its surface with a pressure of 2 
kg. The final objective of the test is to assess the sample surface resistance and the eventual need 
of surface protection (Röhlen and Ziegert, 2011). The test was only performed on one of the 
sample’s faces, being chosen the most regular one. 
Capillary absorption and drying tests were conducted in a conditioned room (20±2ºC and 65±5% 
RH) in samples that resulted from the cuts that have been made to produce the smaller samples 
for mechanical tests (Figure 5). Thus, the dimension of the samples was variable and CAD 
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software was used to measure the exact area of the face that was exposed to water. All the 
samples presented a relatively low height and their lateral faces were not waterproof (Figure 5A). 
Each sample was placed into a net basket to be handled throughout the test avoiding damaging 
the sample (Faria et al., 2015), on top of a tissue to retain fine particles. During the test, the 
samples were kept in contact with 2 mm height of water (Figure 5B, where not all the samples 
were completely saturated). The mass of the samples was measured at given time intervals to 
record the mass increase due to water absorption. 
After 48 hours of capillary absorption the samples were put to dry (Figure 5C) and weighted 
after determined periods of time. EN 16322 (2013) standard refers two distinct drying phases: 
DR1 – the first drying phase, calculated by the negative slope of the initial linear section of the 
drying curve plotted with time in abscissa; and DR2 – the second drying phase, calculated by the 
negative slope of the linear section of the drying curve plotted against the square root of time in 
abscissa. 
 
Figure 5. Samples of smaller dimensions (SSD) before the capillary absorption test (A); some 
samples during the capillarity test (B) and the drying test (C) 
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3. Results and discussion  
3.1. Dry particle size distribution, quick sedimentation and XRD 
Figure 6 shows the dry particle size distribution curves of the earth materials. 
 
 
Figure 6. Particle size distribution of the 11 rammed earth and adobe samples collected in situ 
 
Based on knowledge of the authors on earthen techniques and previous studies, it was expected 
to have a more pronounced difference between rammed earth and adobe samples particle size 
distribution. Particularly T3 rammed earth sample presents a particle size distribution showing 
that it would have been possible to produce adobe with the same earth. Therefore, that shows 
that the decision of using the local earth to produce rammed earth or adobe in Leiria region was 
at least not always conditioned by the local earth particle size. Nevertheless, it is possible that 
the earth used for both techniques has been previously sieved. That was particularly usual for 
adobe production. 
Results of quick sedimentation test are presented in Table 5. They are very similar to those 
previously obtained in the dry particle size distribution test. Rammed earth walls in the region 
of Leiria present aggregates of large granulometry, agglutinated by the clay (and silt), while 
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adobe samples present higher percentages of clay and silt and few coarse granular materials, 
being the latter mostly constituted by sand. 
  
Table 5. Results of the sedimentation test for all earthen materials 
Sample Clay + Silt (%) Sand (%) Fine gravel (%) 
T1 12 55 33 
T2 13 48 39 
T3 11 62 27 
A1 7 58 29 
A2 3 79 18 
A3 9 66 25 
 
The results of XRD are summarized in Table 6. It can be observed that quartz, feldspar and 
muscovite are the predominant minerals both in the earthen materials from Pombal and Leiria. 
The mineralogical composition of the rammed earth samples is very similar; only kaolinite was 
not found in T3. Adobe samples slightly differ in terms of presence of kaolinite and tosudite (a 
1:1 regular interstratification of a chlorite group mineral and a smectite group mineral). 
Nevertheless, the differences between the mineralogical characterization of the rammed earth 
and adobe materials are not significant. 
 
Table 6. Mineralogical composition of the fine fraction of the earthen samples obtained by 
XRD 
Sample/Crystalline compound Quartz Feldspar Kaolinite Muscovite Clinochlore Tosudite 
T1 +++ ++ Trc/+ +/++ Trc - 
T2 +++ ++ Trc/+ ++ Trc - 
T3 +++ +/++ - ++/+++ Trc - 
A1 +++ Trc/+ Trc + ? - 
A2 +++ Trc/+ - +/++ ? + 
A3 +++ Trc/+ Trc/+ + + - 
Notation: (?) – doubts on the presence; (Trc) – traces; (-) – not detected; (+) – low proportion; (++) intermediate 
proportion; (+++) high proportion. 
 
It is important to note that both adobe and rammed earth were not stabilized with lime, which is 
frequent in other cases of vernacular earthen constructions. That was preliminarily assessed by 
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placing the samples inside water and verifying their disintegration after a short period of time 
and later on confirmed by the XRD results. 
 
3.2. Bulk density and ultrasonic pulse velocity 
Table 7 presents the results of the physical and mechanical characterization of the samples 
analyzed. The rammed earth samples bulk density ranges between 1360 kg/m3 and 1790 kg/m3, 
with an average of 1553 kg/m3. The unusual lower bulk density of sample T2 may be justifiable 
by the poor state of conservation of the rammed earth wall from which the sample was extracted 
(Table 2) and also by constraints in assessing the precise sample dimension due to its particularly 
irregular shape. Silva et al. (2016) simulated rammed earth samples in the laboratory with earth 
from Odemira, south of Portugal, and obtained slightly higher results of bulk density while 
Gomes et al. (2019) obtained even higher results for rammed earth samples collected in old 
buildings in Alentejo (Table 1). Adobe samples present values ranging between 1400 kg/m3 and 
1730 kg/m3, with an average of 1527 kg/m3. Silveira et al. (2013), although for air lime stabilized 
adobe from Aveiro region, obtained values in the same range (Table 1). 
 
Table 7. Global average results of the physical and mechanical characterization of rammed 
earth and adobe samples 
 Rammed earth Adobe 
Buildings 16 28 30 7 69 87 
Samples T1 T2 T3 A1 A2 A3 
Bulk density (kg/m3) 1510 ± 110 1360 ± 40 1790 ± 280 1730 ± 60 1400 ± 50 1450 ± 30 
Ultrasonic pulse 
velocity (m/s) 
874.6 ± 147.1 609.5 ± 70.1 475.2 ± 131.7 921.1 ± 262.7 339.4 ± 46.8 272.5 ± 36.5 
Thermal conductivity 
[W/(m.K)] 
0.54 ± 0.04 0.48 ± 0.05 0.48 ± 0.02 0.69 ± 0.13 0.42 ± 0.01 0.41 ± 0.04 
Compressive strength 
(N/mm2) 
0.44 ± 0.17 0.74 ± 0.26 0.73 ± 0.19 1.06 ± 0.22 0.69 ± 0.35 - 
Tensile strength 
(N/mm2) 
0.19 ± 0.03 0.12 ± 0.01 0.11 ± 0.03 0.27 ± 0.08 0.11 ± 0.03 0.09 ± 0.03 
Mass loss by dry 
abrasion (g) 




1.35 ± 0.34 1.42 ± 0.36 1.14 ± 0.33 0.69 ± 0.08 0.77 ± 0.40 0.68 ± 0.03 
Drying rate phase 1 
[kg/(m2.h)] 
0.11 ± 0.01 0.14 ± 0.02 0.12 ± 0.01 0.11 ± 0.02 0.10± 0.01 0.15 ± 0.03 
Drying rate phase 2 
[kg/m2.h)] 
0.49 ± 0.06 0.59 ± 0.02 0.53 ± 0.03 0.40 ± 0.05 0.40 ± 0.04 0.61 ± 0.08 
 
The ultrasonic pulse velocity (UPV) results of the adobe samples follow the bulk density trend 
with a significant correlation (r2 = 0.95) as presented in Figure 7A. The same behavior is not 
observed for rammed earth samples (Figure 7B).  
The lowest values of UPV were obtained for adobe samples A2 and A3. Apart from adobe 
sample A1, all rammed earth samples show higher UPV values, which is in agreement with the 
fact of rammed earth being a compacted earthen material. 
 
Figure 7. Correlation between ultrasonic pulse velocity and bulk density for adobe (A) and for 
rammed earth samples (B) 
 
3.3. Thermal conductivity 
From Table 7, it can be observed that sample T1 has a slightly higher result of thermal 
conductivity (0.54 W/(m.K)) than the other two rammed earth samples. The same happens with 
the adobe samples, with A1 presenting the highest thermal conductivity result (0.69 W/(m.K)). 
In fact, these are expected results since those two samples (A1 and T1) had already presented 
the highest results of UPV. Figure 8 shows the correlations between UPV and thermal 
conductivity and between bulk density and thermal conductivity, indicating high correlations in 
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both cases. However, the correlation obtained between bulk density and thermal conductivity for 
rammed earth samples (Figure 8B) only considers the T1 and T2 samples, since T3 sample was 
excluded.   
 
 
Figure 8. Correlations between UPV and thermal conductivity (A) and bulk density and 
thermal conductivity (B) 
 
Abanto et al. (2017) studied the thermal properties of adobes in order to improve the buildings 
performance in Peru by maximizing the hygrothermal properties of this material. The results of 
thermal conductivity obtained varied from 0.330 W/(m.K) to 0.255 W/(m.K). These values are 
lower than those found in this study but are justified by high fibers content. Nevertheless, Pina 
dos Santos and Matias (2006) define 1.1 W/(m.K) as the value of thermal conductivity that 
should be considered for earthen constructive elements (adobe, rammed earth and compressed 
earth blocks). In the absence of any other information, this value should be adopted by 
Portuguese thermal legislation. Notwithstanding, the results obtained in the present research are 
much lower, probably due to the irregularity of the samples surface which may have reduced the 
effective contact area of the probe. 
Without considering the plasters and renders, the thermal transmittance value (U) of T2 rammed 
earth walls, 0.40 m thick and a thermal conductivity (λ) of 0.48 W/(m.K), is 1.00 W/(m2.K); for 
A3 adobe masonry walls, 0.46 m thick and a λ of 0.41 W/(m.K), is 0.77 W/(m2.K). These are 
high U values even for thermal legislation of Mediterranean countries. Thermal conductivity of 
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earth elements is very important to be considered in retrofitting actions in earthen buildings, 
although it is not the only important thermal characteristic to be taken into account. For instance, 
in Mediterranean regions, the advantages of applying thermal insulation on earth walls 
retrofitting are frequently less than the disadvantages that this action will bring to the building 
as a whole. Earth is one of the construction materials with higher hygroscopic behavior, due to 
the clay particles, and higher thermal inertia, due to the high mass of the walls (McGregor et al., 
2014). An eco-efficient heating device (such as a woodstove) for winter, and night cooling 
optimization in summer, may be enough to control the RH and temperature of the indoor air, 
improving comfort. That indoor comfort can only be correctly studied by dynamic simulation, 
which is not currently used by designers. Nevertheless, in the vernacular earth dwellings it will 
be extremely important to apply thermal and acoustic insulation on the roof, usually with a 
wooden structure. 
 
3.4. Compressive and tensile flexural strengths 
The results of compressive strength (Table 7) present an average value of 0.64 N/mm2 for 
rammed earth and 0.88 N/mm2 for adobe. From previous studies it was expected that rammed 
earth samples presented higher strength than adobe since the latter were not compacted. In fact, 
average and standard deviation results gathered in Table 1 for unstabilized rammed earth samples 
and lime stabilized adobe collected in old buildings are 1.44±0.73 N/mm2 and 1.03±0.68 N/mm2, 
respectively. An opposite trend is verified in this study, with adobe samples presenting 
compressive strength similar (sample A2 – 0.69 N/mm2), and even higher (sample A1 – 1.06 
N/mm2), than rammed earth samples. Nevertheless, the standard deviation of the results gathered 
in Table 1 is very high. Therefore, further characterization of earthen rammed earth and adobe 
samples is needed to validate tendencies.  
A low compressive strength was not expected for samples T1 (0.44 N/mm2), since the ultrasonic 
pulse velocity indicated that this material appeared to be more compact, more homogeneous and 
less porous. Although T1 samples presented a dry particle size distribution that is intermediate 
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between T2 and T3 (the former with higher content on coarser aggregates) and a clay+silt content 
that is quantitatively also intermediate, it can be justified by the high heterogeneity that rammed 
earth samples collected from old buildings might have. The compressive strength is influenced 
by the proportion of aggregates (from large to fine size) and the clay matrix acts as a natural 
binder agglutinating those aggregates. 
Previous experimental results indicated similar values of compressive strength for lime stabilized 
adobes from Aveiro (Silveira et al., 2013) and higher values of compressive strength for 
unstabilized rammed earth prepared in the laboratory using soil from Odemira, Alentejo (Silva 
et al., 2016), as can be observed in Table 1. Guillaud (1995) considers that a rammed earth 
element should have a minimum compressive strength of 1.0 N/mm2 while Standards Australia 
& Walker (2002) states that this minimum should be increased to 2.0 N/mm2. The results 
obtained for rammed earth samples in the present study are far from the values recommended by 
these authors. Nevertheless, it is important to notice that they were taken from real buildings, 
most of them abandoned, with more than 75 years old, and in some cases with the earth walls 
unprotected and exposed to weathering for a long time. Therefore, it can be said that the walls 
show a good mechanical durability after a long period in service. 
High heterogeneity on compressive strength results has been also found in other studies. Air lime 
stabilized adobes collected by Coroado et al. (2010) from several Aveiro buildings presented 
compressive strength between 0.41 N/mm2 and 1.44 N/mm2 (with an average value of 0.65 
N/mm2), while Figueiredo et al. (2013) obtained a compressive strength of 0.46 N/mm2 in adobes 
from a demolition site in Aveiro (Table 1). These results are in the same range or even lower 
than the results obtained for unstabilized adobe in the present study.  
Silva et al. (2018) performing compressive strength tests on samples representative of the 
rammed earth material of walls using soil from the region of Esposende, Portugal, found slightly 
lower average results than those obtained in the study performed with rammed earth samples 
from Odemira (Table 1), though higher than those of the present study. 
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The results of tensile flexural strength (Table 7) show that sample T1 presents the highest value 
among the rammed earth samples (0.19 N/mm2), while A1 has the highest value for adobe 
samples (0.27 N/mm2). Considering the remaining samples (T2, T3, A2 and A3), lower values 
of tensile strength were obtained, which can be explained by the presence of internal fissures in 
the material probably caused by the cutting process of the samples. 
The results of tensile and compressive strengths are correlated with the results of the ultrasonic 
pulse velocity (Figure 9). However, the correlation obtained between compressive strength and 
ultrasonic pulse velocity for all samples (Figure 9B) only considers the T2 and T3 rammed earth 
samples, since T1 sample was excluded.   
 
Figure 9. Correlations between UPV and flexural strength (A) and UPV and compressive 
strength (B) 
 
Previous experimental data (Table 1) showed similar results of tensile strength for adobes 
collected in Aveiro (Silveira et al., 2012; Silveira et al., 2013; Figueiredo et al, 2013). No results 
were found in the literature for tensile strength regarding rammed earth samples collected in situ. 
Silva et al. (2016) obtained higher values of tensile strength, but for rammed earth samples 
prepared in the laboratory with soil collected from Odemira (Table 1). 
 
3.5. Dry abrasion 
The results of weight loss by dry abrasion test (Table 7) show that samples T3 and A1 have the 
highest mass losses, a result that was not expected considering that they also had higher bulk 
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density and compressive strength, when compared to the other samples of rammed earth and 
adobe, respectively. The lower mass loss by abrasion of T2 samples may be due to the fact that 
these samples presented a higher clay content, inferred by XRD  and quick sedimentation tests. 
A similar tendency was noticed by Lima et al. (2016) when testing the influence of sand particle 
size on the abrasion resistance of an earth plaster: a lower resistance was provided by the 
formulation with finer sand in comparison with coarser sand. Anyway, most of the samples show 
high mass losses. This fact reinforces the importance of providing appropriate protection to the 
earth walls through the use of compatible renders and plasters. In the region of Leiria, the survey 
made allowed to infer that most of the earthen walls were protected by renders and plasters. 
However, this situation is different when the buildings are used as storehouses; in this case, most 
of them have the walls unprotected. 
The average mass losses due to dry abrasion obtained for rammed earth in the present study are 
similar to those obtained by Faria et al. (2015) for earth mortars. Therefore, for instance indoors, 
an earth plaster can be applied and act as a sacrificial plaster, protecting the wall surface without 
jeopardizing compatibility with that wall. 
 
3.6. Capillary absorption and drying 
The results of capillary absorption and drying tests are presented in Figures 10, 11 and 12 and in 
Table 7. The analysis of the results allowed concluding that the water absorption process is quick, 
which is in accordance with the sensitivity of earth materials to water. Although it was not 
possible to reach total saturation of the samples, to assure they would not start to lose material, 
an asymptotic value was almost reached after approximately two days (Figure 10). 
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Figure 10. Capillary absorption curves 
 
Concerning adobe, all the samples present similar capillary coefficients: A2 shows the highest 
capillary coefficient (0.77 kg/(m2.min1/2)) and A3 the lowest (0.68 kg/(m2.min1/2)). Comparing 
the two construction techniques, the adobe samples absorbed less water and at a much slower 
rate than rammed earth samples. 
Drying curves showing the two distinct drying phases are presented in Figure 11 (DR1) and 
Figure 12 (DR2) while drying rates are presented in Table 7. The test of A3 present the highest 
value of DR1 with 0.15 kg/(m2.h) while the lowest value is obtained for A2 (0.10 kg/(m2.h)). 
Considering the second phase of drying, A3 also present the highest value (0.61 kg/(m2.h)) and 
A1 and A2 share the lowest DR2 (0.40 kg/(m2.h)). In adobes, a direct correlation between rate 
of absorption and drying is not visible, with the specimens of A2 having the highest absorption 
and the lowest drying rates, while in the rammed earth specimens this correlation seems to exist 
(Table 7). It is also important to notice that the rammed earth materials showed significantly 
higher capillary absorption coefficient than adobes but similar drying behavior. That should 
probably be justified by the porous structure of the rammed earth, with more capillary pores due 
to compaction process in comparison to the adobe. Nevertheless, only representative pore size 
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distribution results could confirm this supposition, which is not easy to achieve due to the 
reduced size of samples commonly used for porosimetry tests.   
Figure 13A shows the correlation between the first and the second drying rates and Figure 13B 
the correlation between capillary absorption and drying. It is very interesting to note that 
although rammed earth samples present higher values of capillary absorption than adobe 
samples, both present similar values of bulk density (e.g. samples T3 and A1 and samples T2 
and A2 have similar results of bulk density but rammed earth samples (T3 and T2) always present 
higher capillary absorption). This fact may induce that the type of construction technique used 
(adobe and rammed earth) influences the results of capillary absorption, even when elements 
have similar values of density. Thus, considering both construction techniques the correlation 
obtained between capillary absorption and density is very low (𝑟2 = 0.03). 
 




Figure 12. Drying curves for DR2 determination by the intermediate linear segment slope 
 
 
Figure 13. Correlations between DR1 and DR2 (A) and between capillary absorption and bulk 
density (B) 
 
The fact that the capillary water absorption coefficient is high, mainly for rammed earth samples, 
and the drying rates are also high, is quite positive and leads to the conclusion that these earthen 
materials can easily dissipate water that accesses the walls. Protective renders and paint systems 
should not eliminate this capability. These renders should be based on lime-earth mortars, to 




Several vernacular earthen buildings were assessed in Leiria region, central Portugal, using 
rammed earth, adobe masonry or both techniques. No characterization of earthen materials from 
this region was found in previous studies. It was possible to collect eleven samples, with different 
sizes, from six of those buildings. The samples were tested with the original size for apparent 
density, ultrasound pulse velocity and thermal conductivity and after being cut into smaller 
dimensions for compressive and tensile flexural strengths, dry abrasion as well as capillary 
absorption and drying. In the present paper, the results of an experimental campaign of 
characterization of these samples are presented and discussed. The results obtained allow 
supporting the presentation of proposals for future interventions. The main conclusions are the 
following: 
• Based on thermal conductivity of the adobe and rammed earth samples from Leiria’s 
district, U-values of the corresponding walls are high in comparison with nowadays thermal 
comfort standards for Mediterranean countries, namely for Portugal. Nevertheless, to express 
the thermal comfort, hygroscopic behavior and thermal inertia should also be considered. In 
the studied vernacular dwellings, more important than insulating the walls will be to insulate 
the roof, install a heat source for winter and optimize night cooling in summer period; 
• From previous studies, it was expected a higher compressive strength for rammed earth 
samples than for adobe. In this work that was not verified, and even slightly higher values 
were obtained for adobe samples, although without statistical significance due to the reduced 
number of samples that was possible to collect and test. In average, adobe samples present 
higher strength than rammed earth samples. Previous experimental results (Table 1) indicated 
similar or lower compressive and tensile flexural strengths for adobes of Aveiro, even though 
these adobes were lime-stabilized. Concerning the compressive and flexural strengths of 
rammed earth samples, significantly higher values were obtained for samples prepared in 
laboratory with soil collected from Odemira, Alentejo, which is common due to a more 
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effective compactness process. Nevertheless, laboratory produced rammed earth samples were 
not submitted to natural aging as it is the case of the samples of the present study, which 
probably justifies the results obtained. In fact, unstabilized rammed earth and particularly 
adobe masonry are vulnerable to water, due to the transport of clayish fine particles of the 
earthen materials to the surface. Therefore, a compatible and efficient render should be applied 
and maintained to protect the old vernacular earthen walls; 
• The capillary water absorption coefficient was high mainly for rammed earth samples, 
but the drying rates were also high, which is quite positive and leads to the conclusion that 
these earthen materials can easily dissipate water accessing the walls. The application of 
protective renders and plasters should not jeopardize this capacity; 
• Mass losses by dry abrasion for both adobe and rammed earth samples were similar to 
those usually presented by earth mortars. Therefore, a surface protection by compatible 
plasters and renders, respectively earthen-based and air lime-based, should be strongly 
encouraged to enlarge the walls durability. 
The compilation of all the characterization results into an open access database will be the 
next step. This data will be available to support future compatible, effective and reversible 
interventions in vernacular earthen buildings, not only from Leiria region, but also from other 
buildings with similar characteristics, contributing to their conservation and retrofitting. 
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